Abstract. The influence of turbulence on the incidence of infection of the diatom Coscinodiscus granii by the parasitoid nanoflagellate Pirsonia diadema was investigated experimentally with two initial host densities. Independently of the initial diatom densities of 7 and 44 cells ml -1 , under calm conditions both diatoms and parasitoids became extinct within 6-9 days. Turbulence, however, led to the survival of diatoms at a reduced density of 0.1-2 cells ml -1 for >30 days. A population-dynamic model is formulated that takes into account the non-homogeneous distribution of infecting flagellates among host diatoms. Application of the results to parasitoid-diatom interactions in natural waters suggests that, under turbulent conditions, endemic infections may effectively prevent the mass development of host diatoms.
Introduction
Many studies deal with the trophic interactions of the microbial food web community in the pelagic environment. Grazers of phytoplankton are generally considered to be larger than the algae, such as zooplankton, or of comparable size, such as dinoflagellates (Sherr et al., 1991; Kiørboe, 1993) . Light microscopic studies on live marine plankton, however, revealed that diatoms are also infected and consumed by parasitoid nanoprotists of various taxa which inevitably cause the death of their hosts Kühn, 1996 Kühn, /97, 1997a Schweikert and Schnepf, 1996; Elbrächter and Schnepf, 1998) .
Whereas protozoans are now well recognized as major grazers of phytoplankton in both marine and freshwater ecosystems, the impact of parasitoid nanoprotists on microalgae is rarely considered. It has been argued that epidemics (defined as rapid changes in incidence of infection affecting a large number of individuals at the same time) may severely affect phytoplankton composition and succession (Sommer, 1987; Van Donk, 1989; Kudoh and Takahashi, 1990; Bruning et al., 1992) . Generally, infections of marine diatoms are overlooked unless the parasitoid is relatively well known, such as the oomycete Lagenisma coscinodisci, and prevalence of infection is high (e.g. Grahame, 1976; Wetsteyn and Peperzak, 1991) . Consequently, remarkably few data exist on the interactions between marine parasitoids and their diatom hosts. Observation of freshly collected plankton samples showed, however, that up to 92% of a diatom population can be infected (Grahame, 1976; Drebes and Schnepf, 1998) , although the incidence of infection in the field is more frequently in the range of 1-30% Schnepf, 1982, 1988; Veldhuis et al., 1988; Schnepf et al., 1990) .
First experimental studies on the parasitoid nanoflagellate Pirsonia diadema Kühn and its host Coscinodiscus spp. showed that interactions are very complex.
Infection rates depend, for example, on the flagellate autecology, such as selective infection behaviour, and light and temperature conditions (Kühn, 1997a (Kühn, , 1998 . Several species of Pirsonia have been found within the last few years (Schnepf et al., 1990; Kühn et al., 1996; Schweikert and Schnepf, 1997) and only recently a new order, Pirsoniales, was erected (Cavalier-Smith, 1998) .
Many algal cultures are routinely agitated by shaking or swirling at given time intervals, aeration or rotating devices. No experimental experience exists, however, on the effect of turbulence on parasitoid-microalgae associations. Therefore, as a first approach to study the effect of turbulence on the prevalence of Coscinodiscus granii cells infected by P.diadema, two extreme experimental set-ups were chosen: cultures were either continuously agitated in rotating cylindrical containers (RCC) or maintained calm in Erlenmeyer flasks. As a result, diatoms either remained suspended or tended to settle out. Rothschild and Osborn (1988) put forward the concept that turbulent motions in the water increase the contact rates between prey and predator. Hence, infectivity should be higher under turbulent conditions (Bruning, 1991b) in RCC. On the other hand, locally higher host densities under calm conditions were also likely to result in increased infection rates. Nonetheless, previous experiments had shown that increased C.granii densities could also lead to reduced numbers of infected cells (Kühn, 1997a) .
As scarce as experimental experience with marine parasitoid-microalgae associations are models for a theoretical framework. Bruning (1991a,b,c) formulated a model for population dynamics of the parasitic freshwater chytrid Rhizophydium planktonicum and its diatom host Asterionella formosa, depending on the effects of light, temperature and phosphate limitation. The model assumes that infections are distributed homogeneously among host populations. This does not, however, apply to infections by P.diadema since these flagellates show a selective infection behaviour and prefer infected C.granii cells over non-infected cells (Kühn, 1998) . We developed a model based on that of Anderson and May (1979a,b) to simulate population dynamics according to the results of our experiments.
Method
Pirsonia diadema Kühn was isolated from plankton samples collected in September 1992 in the German Bight, North Sea (Kühn et al., 1996a) . Stock cultures of the flagellate were maintained with C.granii Gough cells (200-240 µm in diameter; recurrently isolated from the German Wadden Sea off List/Sylt) as host diatom in plastic Petri dishes in modified F/2 medium (Guillard and Ryther, 1962) at 15°C and a photon flux density of 20 µmol m -2 s -1 . Twice a week, a few microlitres of infected cultures were inoculated into non-infected cultures. It was not possible to establish a quantitatively standardized method because both flagellates and diatoms differed in their physiological fitness and growth. Large and small cells of C.granii, however, were equally infected.
In phytoplankton batch cultures, pH values of 9.5 and higher can be reached (Taguchi et al., 1987) . Preliminary experiments had shown that P.diadema flagellates are sensitive to increased pH values, and no longer infect at a pH of 8.7 or above (Kühn, 1995) . Therefore, 5 mM HEPES was added to experimental cultures and adjusted to an initial pH value of 7.6. During the experiments, the pH never exceeded 8.6.
Cultures were mixed thoroughly by shaking prior to sampling. Samples were counted in Petri dishes under a stereomicroscope. Only diatoms with intact protoplasts that appeared healthy were considered alive. Coscinodiscus granii occurs as single cells and as pairs of unseparated cells, which were counted as two cells. Attempts to count empty frustules as infected cells did not provide reliable results because, especially later in the experiments, empty cells resulted not only from infection, but also from other causes. It was necessary to count living samples since it was not possible to find a good fixative for preserving Pirsonia: in formalin or Lugol's solution, the flagellates detached from the diatoms, and the counting of infected cells became inaccurate. Also, the flagellates tended to shrink and become unrecognizable, and it was impossible to determine the density of flagellates in the experimental cultures. Therefore, the inocula of the various experiments differed in their number of infective flagellates. However, as the inoculum in each experiment was taken from the same stock culture, replicates of one experiment were infected with similar numbers of infective flagellates.
In order to compare infection rates in 'non-turbulent' and 'turbulent' systems, Erlenmeyer flasks and rotating cylinder devices (RCC) were used as vessels for experimental cultures. (Preliminary experiments exposing C.granii cultures in Erlenmeyer flasks to continuous rotary shaking at speeds of up to 110 r.p.m. were disregarded because this treatment led to a dense aggregation of C.granii cells in the centre of the vessel. This phenomenon was probably caused by mucus production of the diatoms which trapped the cells in one patch.)
For all experiments, 1.2 l diatom cultures were transferred to 2 l Erlenmeyer flasks or RCC, cylindrical vessels (acrylic glass) of 1.65 l volume (diameter 15 cm) placed on two bars rotating at 6.4 r.p.m. The rotating bars accommodated only seven RCC for each experiment. Erlenmeyer flasks were mixed thoroughly only once a day prior to sampling. For counting, the RCC had to be removed from the rotating bars for ~1 h. Coscinodiscus granii cultures were infected with 0.4 ml of P.diadema flagellate suspension.
The number of non-infected (healthy) diatom cells was determined at 1-12 day intervals and taken as an indirect measurement of the prevalence of infection (high infection rates will reduce the number of healthy cells) because the number of infected cells in RCC was frequently too low to provide reliable mean values. Growth of diatoms was determined in non-infected controls. As the volume removed per sampling was relatively small (<10 ml), it was not replaced. Experiments were carried out for up to 35 days. A total of 5-8 subsamples (1 ml each) were counted per replicate.
Experiment 1
In order to compare infection rates in an agitated and a calm system at different diatom densities, an experiment with four treatments was designed. Two different initial host densities were established by adding different volumes of algal culture Turbulence effects on infection of C.granii by P.diadema to fresh medium. An initial C.granii density (Day 0) of 7 or 44 cells ml -1 was used. Cultures were transferred to RCC or Erlenmeyer flasks. Samples were infected on Day 2 with P.diadema; irradiance in the vessels varied between 7 and 10 µmol m -2 s -1 . Treatment 1. Erlenmeyer flask; initial diatom density: 7 cells ml -1 , three replicates (infected cultures), one control (non-infected culture).
Treatment 2. RCC; initial diatom density: 7 cells ml -1 , three replicates (infected cultures), one control (non-infected culture).
Treatment 3. Erlenmeyer flask; 44 cells ml -1 , three replicates (infected cultures), one control (non-infected culture).
Treatment 4. RCC; 44 cells ml -1 , two replicates (infected cultures), one control (non-infected culture).
Coscinodiscus granii maintained in Erlenmeyer flasks did not stay in suspension, but tended to sink down to the bottom where they accumulated in a loose layer. The diatom density was, therefore, locally higher at the bottom than the calculated mean value for thoroughly mixed cultures. Diatoms incubated in RCC remained in suspension, but were swirled around (high shearing) since the RCC were not completely filled with medium. There was no evidence of mechanical cell damage despite the rather violent mixing in these cultures.
Experiment 2
Preliminary experiments had shown that ~1% of infected C.granii cells (in Erlenmeyer flasks) remained uninfected for ~1 day (Kühn, 1997a) . As these cells were always finally infected, they were not actually resistant to infections. The experiment was designed to test whether these individual C.granii cells could escape infection in a turbulent system. Temporarily reduced susceptibility to infections could favour survival under natural conditions, as in increased turbulence during storm events.
For the experiments, C.granii cells were kept in Erlenmeyer flasks, nine replicates were infected on Day 3 with P.diadema flagellates, and three control replicates were not infected. The mean density of C.granii at the time of inoculation was 49 cells ml -1 ; irradiance was kept at 40-45 µmol m -2 s -1 . Two treatments were used for the experiment. 
Results

Experiment 1
In the Erlenmeyer flasks, C.granii continued to grow for ~2 days after inoculation with P.diadema ( Figure 1 ). Under cultivation conditions, it took ~24 h until offspring developed from infective flagellates. Although the number of infective P.diadema could not be determined, the growth rate of the parasitoid exceeded that of the diatom. All diatom cells were infected and consumed within 6 days in cultures with an initial host density of 7 cells ml -1 , and within 8 days when the initial diatom density was 6.5-fold higher.
In those experimental cultures maintained in RCC, diatoms continued growth for at least 4 days after inoculation, independent of the initial host density (Figure 1 ). Then, in some experimental cultures, infection started to spread, indicated by a decreased number of non-infected diatoms, whereas in other replicates the development of an epidemic infection was delayed. Under agitated conditions, all replicates showed the same tendency in the development of infection, but differed too much to be treated statistically. During the 35 days of the experiment, C.granii cultures maintained in RCC were never 100% infected. After 23 days, in all replicates the average diatom density varied between 0.1 and 2 cells ml -1 , which was low compared to a potential density of >250 cells ml -1 in controls ( Figure 1a) . Apparently, under agitated conditions, non-infected diatom density and parasitoid densities were oscillating at a relatively stable relationship. About 1-3% of the diatoms were estimated to be infected, but the actual number was not determined. Diatoms maintained in RCC were usually infected by 2-6 flagellates; the number of infective flagellates per diatom cell under calm conditions was about one order of magnitude higher. Growth of C.granii was not affected by agitation.
Experiment 2
Nine replicates of C.granii cultures maintained in Erlenmeyer flasks were infected on Day 3 with P.diadema. The number of non-infected diatoms was determined daily (Figure 2 ). On Day 7, three replicates with comparable numbers of non-infected diatoms were transferred from Erlenmeyer flasks into RCC. On Day 8, samples were again transferred from Erlenmeyer flasks into RCC. All diatoms maintained in Erlenmeyer flasks (I) were killed within 9 days by P.diadema, whereas the number of diatoms in samples transferred into RCC on Day 7 (IIb) and Day 8 (IIb) either increased or remained constant. The number of infective flagellates was high on Day 7, and even higher on Day 8 since by then most diatoms were infected. 
Model
Infecting P.diadema flagellates attach to a Coscinodiscus spp. cell, and subsequently differentiate into a feeding part inside the diatom and a growing and proliferating part on the outside of the frustule. From one infecting flagellate, >15 offspring can arise (under calm conditions) which develop and mature asynchronously. Experiments showed that infected diatoms cannot divide any more and have to be excluded from the reproductive cohort, and only serve as nutrient source for the parasitoids.
The main factors that determine the incidence of infection are the total number of (infected and non-infected) host diatom cells (H) and the total number of flagellates. The latter is differentiated into flagellates attached to a host cell (P) and free-swimming flagellates (S). The mean number of attached flagellates per diatom (m) is described as:
Owing to the selective infection behaviour of P.diadema flagellates, the numbers of flagellates attached to individual diatom cells varied. This non-homogeneous distribution could not be quantified experimentally. According to the model of Anderson and May (1979a,b) , it follows that the probability, p(i), that a diatom is infected by a number of i flagellates can be described by the negative binomial distribution (Pielou, 1977) :
where ⌫(k) is the gamma function. The mean value m is defined as:
k is related to the variance V given by:
According to equation (1), the probability (p) of a flagellate finding a noninfected diatom is given by:
and the probability of encountering an infected host cell is:
The statistical distribution, p(i), of a diatom being infected by i flagellates is shown in Figure 3 for three values of k (0.5, 1.0, 2.0) with m = 25. When r is the specific diatom growth rate of a non-infected population,
describes the net diatom growth rate of an infected culture. It is assumed that the number of flagellates, i, attached to a diatom is proportional to the time until all cell content is consumed. The diatom mortality rate caused by infection is given by:
where is the mortality coefficient of the diatoms. In batch cultures, the diatom density reaches a maximum value during the stationary growth phase. This limitation is expressed by a non-linear depression term with the depression constant e:
Under these conditions, the net growth of an infected diatom culture can be calculated by combining equations (8), (9) and (10):
The growth of parasitoids on the host sites is:
where is the growth rate of flagellates. The infection rate, ␤, depends on the number of free-swimming flagellates, S, that succeed to infect an as yet non-infected host cell:
Flagellate offspring detach at the latest when all diatom cell contents have been consumed. This leads to a decrease of P. The mortality rate of an individual host caused by an i-fold infection is given by i␤(1 -p 0 ). Then the rate at which flagellates detach from an emptied host cell is the i-fold of this mortality rate.
Consequently, for the entire flagellate population, it follows that:
Since free-swimming flagellates subsequently infect diatoms and add to the number of attached flagellates P, the dynamics of P follow from the combination of equations (12), (13) and (14):
Accordingly, the dynamics of free-swimming flagellates S can be calculated from equations (13), (14) and their natural mortality cS (mortality rate c):
In order to simplify the model, it is assumed that the dynamics of free-swimming flagellates S does not affect the dynamics of the hosts H and the flagellates Turbulence effects on infection of C.granii by P.diadema P attached to a host. According to Anderson and May (1979a,b) , it is assumed dS that --= 0 for all time and thus: dt
The final equation for the model for the diatom population dynamics in an infected culture is yielded by substituting equation (1) into equation (11):
The substitution of (1) and (17) into (15) gives the parasitoid population dynamics:
The values for the diatom growth rate r and the parameter e for the non-linear depression of limited diatom growth in batch cultures were determined from experimental results. r was determined from the exponential growth rate of C.granii and e was calculated from the maximum diatom density of 250 cells ml -1 (Experiment 1). This maximum C.granii density is equal to the ratio of r/e. The parameters used to simulate the kinetics of diatom growth in infected cultures maintained in Erlenmeyer flasks and RCC are given in Table I . The variable parameter k and the infection rate of non-infected diatoms µ were fitted on the line shape of the curves resulting from the experiments.
Parameters most sensitive to different agitation levels are the growth rate, , of P.diadema attached to host cells and the infection rate constant, ␤, of free-swimming flagellates. For calm conditions, an infection rate constant of ␤ = 1 day -1 was assumed. The value of the parasitoid growth rate was estimated as = 0.75 day -1 and the diatom growth rate as r = 0.5 day -1 . To fit the results of the experiment (Figure 4) . When agitated, a stable diatom density of ~5 cells ml -1 is established after 15 or 20 days. The mean number of flagellates that infect a diatom is <4 in RCC and remains at <800 flagellates per diatom in Erlenmeyer flasks.
Discussion
Water motion occurs in the marine environment at all spatio-temporal scales (Denman and Gargett, 1983) . In the ocean, turbulence is generated by winds, waves, currents and tides. Turbulence has been recognized as one of the most important factors in the biology of phytoplankton in the aquatic environment (Margalef, 1978 (Margalef, , 1997 Fogg, 1991) and in recent years the influence of small-scale turbulence on predator-prey relationships has received increased attention (Osborn and Scotti, 1996; Dower et al., 1997; Kiørboe, 1997) . First of all, suspended plankters are moved around by turbulent water movement and contact rates between planktonic organisms are increased (Rothschild and Osborn, 1988) , although the average contact time between flagellates and diatoms will decrease with increased turbulent mixing.
Many parasitoid nanoprotists, such as P.diadema, are host specific and feed only on one diatom species or related species. They can be considered as nonvisual predators that depend on chemical stimuli to detect their diatom prey. Diatoms are known to exude a variety of organic substances (Mague et al., 1980; Fogg, 1983) . These extracellular releases can build up gradients around algal cells. When these gradients are well established and last for sufficient time, they can be tracked by a variety of chemosensory responding organisms, such as bacteria, fungal zoospores, dinoflagellates, protozoa and copepods (Bell and Mitchell, 1972; Drebes and Schnepf, 1988; Muehlstein et al., 1988; Verity 1991) . Chemosensory responses enhance encounter rates over purely random walks and microorganisms will most easily find large algae with a high specific leakage rate (Jackson, 1987) . Increased turbulent intensity, however, can drive the turbulent effect to smaller scales (Rothschild and Osborn, 1988) , and turbulenceinduced shear around diatoms potentially reduces the substrate concentrations. This will make it more difficult for chemosensory organisms to detect the algae (Jackson, 1987) . Under calm conditions, chemosensory responses of P.diadema were observed within a radius of up to 2 mm around C.granii and Coscinodiscus wailesii (Kühn 1997a) , indicating the presence of a microenvironment. Although turbulence in RCC is too complicated to be quantified (Jackson, 1994) , the successful infection in agitated cultures indicates that a detectable phycosphere remained around C.granii which was not destroyed by shearing. The extension of the phycosphere was most likely limited by the Kolgomorov length scale, a length scale at which molecular viscosity sets a limit to turbulence. The lowest Kolgomorov length scale values are calculated for coastal zones (0.3 mm) and tidal fronts (0.6 mm) (Kiørboe and Saiz, 1995) .
Observational evidence is accumulating that, in the field, infections of diatoms appear sporadically and are highly variable in number of attacked cells and development. We estimated the average prevalence of infection in the German Bight to be generally in the range of 1-10% (S.F. Kühn, unpublished) . Veldhuis et al. (1988) observed that in freshly collected plankton samples 5% of Guinardia delicatula (formerly Rhizosolenia delicatula) were infected by a dinoflagellate, and Drebes and Schnepf (1982) reported that in August 3-9% of Streptotheca tamesis were infected by the dinoflagellate Paulsenella. Only occasionally, up to 92% of the population were infected (Grahame, 1976; Kühn et al., 1996; Drebes and Schnepf, 1998) . This indicates that endemic infections may be the rule, whereas epidemics are exceptional events, even when host diatoms are very abundant.
In all experiments, both under turbulent and calm conditions and independently from initial host densities, the course of diatom growth in P.diademainfected cultures first followed similar patterns: after inoculation with parasitoids, the number of diatoms increased for a couple of days. Then rapid changes in the prevalence of infection affected a large number of individual C.granii cells at the same time (epidemic) and the number of diatoms decreased. However, whereas under calm conditions all diatoms were killed within 8 days, in agitated cultures the epidemic course was followed by an endemic: infection persisted at a low level in the population for a long period (at least 36 days), showing relatively little fluctuation in prevalence (Experiment 1). It appeared that under turbulent conditions the interacting populations of C.granii and P.diadema finally behaved as oscillators, leading to the co-existence of both populations in relatively stable equilibrium with ~1-3% of the diatoms being infected. In terrestrial ecosystems, the potential oscillation behaviour of predator-prey and parasite-host associations has been widely acknowledged (e.g. Hanski et al., 1993) . Scheffer (1991) noted that in planktonic food webs the zooplankton-phytoplankton interactions also have a strong potential for oscillating.
The different population dynamics in infected C.granii cultures under turbulent and calm conditions can be explained by the framework presented by the model: the infection rate is positively correlated to the host density. Whereas diatoms are more or less suspended homogeneously in RCC, cells tend to sink out in Erlenmeyer flasks and form a bottom layer. Since in Erlenmeyer flasks diatom densities are locally higher than the average diatom density in the vessel, an increased infection rate (␤) under calm conditions was assumed. Also, P.diadema growth rates () are potentially higher under calm than turbulent conditions because proliferating offspring are less likely to be torn off mechanically from the diatom frustule. In the model, ␤ and are the most sensitive parameters that determine the tail region of the population-dynamic curve. The selective infection behaviour of P.diadema, which tends to infect one host cell multiply rather than infecting many host cells, is described by k.
The model provides a first approach to the interactions that determine the population dynamics of the PNF P.diadema and its host C.granii. More complex models could be formulated when based on, for example, Lagrange model calculations (Wolf and Strass, 1993) .
Implications for the effects of turbulence on parasitoid-host associations in the natural environment
Availability of hosts
The effects of ocean circulation and turbulence do not only influence predator-prey interactions, but also contribute to the considerable temporal and spatial heterogeneity in phytoplankton biomass and productivity, hence the availability of microalgal host for parasitoid nanoprotists. In the North Sea, where most of the parasitoid protists have been detected, the coastal waters are continuously mixed due to strong tidal currents, whereas the central North Sea is stratified during summer (Cadée, 1986; Billen et al., 1990) . Hydrography also influences the availability of nutrients for phytoplankton growth; Colijn et al. (1990) reported that offshore zones were already nutrient depleted, whereas in the coastal zones nutrients still supported monospecific blooms of Rhizosolenia, Leptocylindrus and Cerataulina (these diatoms are also infected by Pirsonia sp. and/or other parasitoids). Since nutrient ratios can influence the species composition of phytoplankton (Sommer, 1987) , nutrient limitation could cause the different species composition of stratified layers compared to that of adjacent well-mixed waters (Birrien et al., 1991) . Reduced mixing of the water column during neap tides was reported to cause phytoplankton blooms (Roden, 1994) . Elevated phytoplankton concentrations are found in the pycnocline (Holligan and Harbour, 1977; Tiselius et al., 1993) or in frontal regions (Yoder et al., 1994) . Therefore, hydrographic conditions will be important when considering temporal and spatial availability of host diatoms for parasitoids in natural environments. Our sampling stations in the North Sea (German Bight, off List/Sylt) were tidally well-mixed coastal sites, and development of infections here will certainly be different from those found in stratified waters in the central North Sea.
Detection of hosts (microzones)
It is well known that in marine ecosystems, under stratified conditions during summer, phytoplankton biomass declines (Margalef, 1978) . Usually, in water bodies with well-established stratification, there is a phytoplankton maximum on the pycnocline (Fogg, 1991) . Mitchell et al. (1985) suggested that thermoclines, as regions of minimal turbulence, allow nutrient gradients around diatoms to reach a steady state which can be tracked by chemosensory organisms, and that the thermocline 'provides an environment more amenable to maintenance of ordered, small-scale interactions between microbes than is present in the turbulent mixed layer'. Under turbulent conditions, increased encounter rates of parasitoids and host diatoms can have the opposite effect than eroded exudate gradients. The more strongly heterotrophic organisms depend on chemosensory host location, the more severely will infections be impaired. It might be hypothesized that there is not only a critical threshold value of diatom density for an epidemic (Bruning, 1991b) , but also a critical threshold value for the turbulence intensity for the onset of an epidemic. In natural environments, different turbulence conditions during the main infection period (late summer to autumn) will have different implications for chemotactic parasitoids:
1. Non-turbulent conditions (or turbulence below the threshold). These conditions can occur in thermoclines or in summer during quiescent periods when warm temperatures and sunny days lead to a strong stratification. This period coincides with reduced diatom abundance, i.e. low host densities. The encounter rates of parasitoids and hosts are low, the average contact time is relatively long. Gradients of exudates around host diatoms are stable enough to be tracked by chemosensory organisms. The swimming behaviour of a parasitoid will have a larger impact on prevalence of infection, as increased motility (swimming speed and behaviour) will increase encounter rates. The critical host diatom density for an epidemic is expected to be lower than under turbulent conditions. The probability that a local subpopulation (patchiness) is eliminated by an epidemic is high.
Turbulent conditions (above the threshold)
. These conditions will prevail in spring and autumn when storms frequently cause vigorous vertical turbulence, usually coinciding with diatom blooms (i.e. potentially high host density). Encounter rates of parasitoids and diatoms are increased, the average contact time is shorter. Consequently, nanoparasitoids that only infect at specific sites on the diatom frustule will have more difficulties attaching. Gradients of extracellular release around the host diatom are destroyed, so the effectiveness of parasitoids to locate their hosts will be impaired. Starvation will increase flagellate mortality. The impact of parasitoid motility on encounter rates is reduced. The critical host diatom density for the onset of an epidemic is expected to be higher than under non-turbulent conditions. Diatom-parasitoid relationships are more likely to behave as oscillators, and infection will be predominantly endemic. It could be speculated that the average densities of the oscillating populations of both partners will depend on the turbulence intensity.
Pirsonia diadema has a selective infection behaviour and prefers infected C.granii cells over non-infected cells. In C.granii cultures maintained under calm conditions, usually ~1% of the diatoms remained uninfected for ~1 day despite high numbers of infective flagellates (Kühn, 1998) . It was hypothesized that individual diatoms could temporally be less susceptible to infections than others. In Experiment 2, these relatively resistant cells (1-7 cells ml -1 ) remained uninfected for an undetermined period when transferred from calm conditions to turbulent conditions. Consequently, one could speculate that a wind-mixing event in an otherwise stratified water column may enhance the chance of relatively fit diatoms 'escaping' infection, and as Shimeta et al. (1995) put it, 'spatial and temporal variations in turbulence may have a very selective effect in microbial food-web dynamics'.
Success of infection
Parasitoids will benefit from increased encounter rates under turbulent conditions according to their ability immediately to attach firmly to their hosts. Endo-parasitoids that invade their diatom host, such as Cryothecomonas aestivalis , Pseudaphelidium drebesii (Schweikert and Schnepf, 1996) or Victoriniella multiformis (Kühn, 1997b) , are not likely to be affected by turbulence once they are inside the diatom shell. Here they can feed undisturbed on the algal cell contents and, most importantly, produce a maximum number of infective offspring. In contrast, ecto-parasitoids like Pirsonia and their developing offspring are more likely to be torn off their hosts mechanically in a turbulent environment.
The effects of small-scale turbulence on the autecology of parasitoid nanoprotists are still unknown. The studies of Peters and Gross (1994) suggest that protozoa may change their physiological and possibly behavioural properties owing to small-scale turbulence. The low number of Pirsonia flagellates attached to hosts with turbulent conditions could also be caused by a reduced growth rate of Pirsonia, as is known for many dinoflagellates (Margalef, 1978; Thomas and Gibson, 1990) .
Implications for laboratory studies on parasitoid-microalgae associations
Experimental experience on the impact of marine parasitoid nanoprotists on their diatom host populations is still extremely scarce. To our knowledge, only Chakravarty (1974) and Raghukumar (1978) investigated the infections of marine diatoms by the pseudofungi Lagenisma coscinodisci and Ectrogella. Unfortunately, neither of the authors mentioned the experimental set-up, but most likely infected cultures were maintained under calm conditions. Experimental cultures of Bruning (1991a) with Asterionella formosa and the infective chytrid Rhizophydium planktonicum were mixed every 15 min for 15 s. Our experiments with RCC, however, showed that agitation greatly influences infection dynamics.
In order to compare the infection dynamics of different parasitoid-host associations, further studies should be conducted under standardized conditions that allow the estimation of turbulence and laminar shear. Meanwhile, a well-established method is to use Couette devices where a constant shear is generated in the fluid between a fixed cylinder and an outer concentric rotating cylinder (Kiørboe and Hansen, 1993; Shimeta et al., 1995; Thomas et al., 1995) .
Conclusions
Although the results of the experiments with P.diadema and C.granii probably cannot be related directly to in situ conditions, they still indicate the importance of turbulence on the development of epidemics. Determination of growth and loss rates of parasitoids in the field still remains a challenge; up to now, only the incidence of infected cells can be taken as an indication for the efficiency of a parasitoid population to infect new hosts. The most appealing generalization to draw from this study is that low but persistent prevalence of infection (endemic infections) in the pelagic environment may not be 'impressive events', but, most importantly, eventually prevent mass developments (blooms) of specific diatom species.
